Despite an intricate understanding of the neural mechanisms underlying visual and motor systems, it is not completely understood in which brain regions humans transfer visual information into motor commands. Furthermore, in the absence of visual information the retrieval process for motor memory information remains unclear. We report an investigation where visuomotor and motor memory processes were separated from only visual and only motor activation. Subjects produced precision grip force during an fMRI study that included four conditions: rest, grip force with visual feedback, grip force without visual feedback, and visual feedback only. Statistical and subtractive logic analyses segregated the functional process maps.
Introduction
The process of integrating visual information from the retina through the optic nerve, to the lateral geniculate nucleus, and into different regions of the visual cortex is well established (Kandel and Wurtz 2000; Van Essen and Gallant 1994) . Also, the primary brain regions involved in the control of movement have been known for over a century (Krakauer and Ghez 2000) . Despite an intricate understanding of the neural mechanisms underlying visual and motor systems, it is still not completely understood how and where visual information is integrated into motor commands (Glickstein 2000) . Thus, the general purpose of the present study was to examine both visually-guided and internally-guided motor tasks using fMRI to delineate fundamental processes related to visual, visuomotor, motor/sensory, and motor memory functions.
The transfer of visual information into action is defined here as a visuomotor process. This paper confines the definition of a visuomotor process to the manual-motor system, and does not include activation from oculomotor processes. A circuit controlling visuomotor processes is located in the superior parietal cortex and its connections with the premotor cortex Johnson et al. 1996; Milner and Goodale 1993) . This viewpoint was supported when the primate posterior parietal cortex was shown to transform eye-centered target locations to hand-centered target locations (Buneo et al. 2002) . Other studies in both primates and humans demonstrate that the parietal cortex and its projections to the dorsal and ventral premotor cortex are involved in visuomotor processing (Burnod et al. 1992 (Stein and Glickstein 1992) particularly through the lateral cerebellum and its output pathway through the dentate to the ventral portion of the thalamus.
Up until now, no study has recorded from the basal ganglia, thalamus, and the cerebellum during visually-guided tasks while using the appropriate control conditions in which: 1) subjects viewed the same visual stimulus as the visually-guided motor task without producing motor output, and 2) subjects produce motor output at similar force levels as the visually-guided motor task in the absence of visual feedback. Matching the level of force output is critical due to the known influence of the force level on direct neural recordings (Evarts et al. 1983 ; Siemionow et al. 2000) , PET (Dettmers et al. 1995) , and fMRI signals (Dai et al. 2001 ). The additional visual condition is important for localizing visuomotor processes because, for instance, the cerebellum and the basal ganglia also have regions that are related to eye movements (Hikosaka and Wurtz 1983; Stein and Glickstein 1992) , and to cognitive functions such as attention (Allen et al. 1997; McAuley 2003) . Thus, by only comparing a visually-guided task to an internally-guided task, without maintaining the visual input and the motor output constant between tasks, creates difficulty when separating the visuomotor transformation process from other types of cognitive and motor-related activation. Therefore, our first objective used controlled experiments to test the hypothesis that in humans the visuomotor process occurs in the superior parietal cortex and 5 the premotor cortex, along with subcortical regions that include the basal ganglia, ventral thalamus, lateral cerebellum, and the dentate nucleus.
In this study, we first had subjects produce force output to a target when using on-line visual feedback. To isolate the visuomotor process subjects also: 1) produced force without online visual feedback, and 2) viewed a similar visual stimulus that was seen during visuallyguided force control. These two control conditions were separated from the fMRI activation during visually-guided force control, thereby isolating the visuomotor process. After identifying the networks involved in the visuomotor process and the motor/sensory process (fMRI activation related to producing force independent of visual feedback), our second objective examined the topographic orientation of these two processes. An example of this topography was shown in the primate dentate nucleus where neurons active during visually-guided movements were ventral and lateral to dentate neurons activated during internally-guided movements (Mushiake and Strick 1993) . While it is important to understand the topographic organization of individual neurons within a region, it is also essential to examine how collective regions of neural activity are topographically organized.
The third objective of the study examines the motor memory process that involves the retrieval of force from memory. A common method to isolate motor memory compares neural activation during motor tasks that are internally-guided to those that are visually-guided. Several studies that have examined internally-and visually-guided movements suggest that the dorsolateral prefrontal cortex, basal ganglia and the supplementary motor area (SMA) are involved in the retrieval of force from memory. For example, single unit recordings in primates showed the SMA preferentially related to movements performed without visual information (Mushiake et al. 1991) . Positron emission tomography in humans demonstrated that finger movements performed without visual information activated the rostral SMA and prefrontal cortical regions (Jahanshahi et al. 1995) . In contrast to work by Jahanshahi and colleagues (1995), an fMRI study showed similar activation in the SMA for visually triggered and internally triggered finger movement, but selective SMA activation was found for sequenced movements versus repetitive movements (Deiber et al. 1999) . Furthermore, in the primate internal globus pallidus neurons were selectively active during a movement sequencing task without external cues (Mushiake and Strick 1995).
One drawback from much of the literature examining internally-guided versus visuallyguided actions is that the tasks involved overlapping processes. For instance, the internally guided motor tasks used in the primate work (Mushiake et al. 1991; Mushiake and Strick 1995) and the neuroimaging studies on humans (Jahanshahi et al. 1995; Jenkins et al. 2000) involved:
1) the initiation and sequencing of the motor act, and 2) the retrieval of motor memory information for producing motor output. In particular, movement sequencing processes have been suggested to occur in the basal ganglia and the SMA (Brotchie et al. 1991) . Since the tasks involved overlapping processes it remains unclear which regions of the prefrontal cortex, basal ganglia, and SMA are specifically involved in the retrieval of motor memory. The constant force task used in this study minimized sequencing processes to isolate the retrieval of motor memory. Therefore, our third objective tests the hypothesis that the motor memory process is confined to the prefrontal cortex, and that the SMA and the basal ganglia are not directly involved.
Methods

Subjects
We collected data on ten right handed subjects (range: 21-35 years) all with corrected or normal vision. There were 3 males and 7 females. The subjects were naive to the purpose of the experiment and none of the subjects had any history of a neurological disorder. All subjects gave informed consent to all experimental procedures, which were approved by the local Institutional Review Board. The task required subjects to continuously maintain their level of force output (middle finger + thumb force) to a target force level on the video screen or to a remembered force level ( Figure 1D and 1E ). Prior to entering the magnet, the subjects participated in a 45 minute training session so the transitory portion of the motor learning process would be removed. The fMRI experiment used a blocked design because we were interested in closed-loop force control and this requires a long force production trial (Slifkin et al. 2000) . The experiment included one fMRI scan that lasted 9 minutes and 30 seconds. Subjects produced force at 15% of their maximal voluntary contraction (MVC) in two of the four conditions during the scan ( Figure 1D and 1E). The MVC was estimated when the subjects initially entered the magnet and the MVC was calculated similarly to previous work (Vaillancourt et al. 2001a) . 
Experimental Design
fMRI Data Acquisition
MR imaging was performed using a 3T scanner (General Electric Medical Systems, Milwaukee, WI) with a volume head coil. The subjects lay supine in the fMRI scanner while performing the force production task (Figure 1 ). The subjects' head was stabilized using comfortable adjustable padding and by using visual feedback (Thulborn 1999 
fMRI Data Analysis
The data analysis delineated four general processes used during continuous force output based on statistical and logical comparisons. The processes were independent and by definition voxels were only assigned to one process. The critical point about the findings from this study is that the biological variance of the data, and not the statistical and logical comparisons, determined both where each process would reside and the spatial topography of one process to another.
fMRI data processing was performed using the public domain software FIASCO (Eddy et al. 1996) and AFNI (Cox 1996) . The fMRI data were first processed in FIASCO by performing a baseline correction, mean correction, correcting for motion based on 3D motion estimation parameters, correction for outliers, and detrending. The average displacement of head movement, averaged across volumes and subjects, was .78 mm ± .37 mm (mean ± standard deviation). This head movement was less than ⅓ a voxel (voxel size = 3.125 x 3.125 x 5 mm).
Images with greater than ½ a voxel of head motion as detected by FIASCO were excluded from statistical analysis and this occurred less than 5% of the time across the ten subjects. The exclusion of images with greater than ½ a voxel of head motion occurred after motion correction.
In FIASCO, t-maps were generated for the following comparisons (Table 1) : FV-R, FV-V, FNV-R, V-R, FNV-FV. Next, we thresholded each of these 5 t-maps using the false discovery rate at a q of .05 (Genovese et al. 2002) . These thresholded t-maps were then transformed into four different merged t-maps based on Table 1 . These four different merged t-maps correspond to the four processes.
Each voxel was assigned to one of the four processes or to nothing at all. Each voxel was assigned to a particular process based on the positive (+) and negative (-) signs. NA corresponds to not applicable. For a voxel to be assigned to a process, it had to meet all of the requirements from each of the t-maps of Table 1 . A voxel was assigned to the visual merged t-map if it was significant during the condition of seeing the visual stimulus compared to rest. A voxel was assigned to the motor/sensory merged t-map if the same voxel was active in all of the FV-R, FV-V, and FNV-R comparisons. This confirmed that the voxel was related either to producing force or processing the sensory feedback from the digits touching the grasping apparatus. Similarly, a voxel was assigned to the visuomotor process if and only if: 1) the voxel was significantly active during the FV-R and the FV-V conditions and 2) the same voxel was not significantly active during the FNV-R and the V-R t-maps. If a voxel was consistently active in these t-maps the mean t-value from these t-maps was taken and replaced in the merged t-map. Finally, the motor memory merged t-map was constructed by assigning voxels that were significant in both the FNV-R and FNV-FV comparisons.
Next, analysis of the active regions that were consistent across subjects was performed.
To determine the consistent activation across subjects (i.e. form a group map) the Fisher test statistic was performed on each of the motor/sensory, visuomotor, visual, and motor memory merged t-maps (Fisher 1950 ). This group test statistic has been recommended when the raw data are not available, which is the case in this study because of the transformation to the process tmaps . The Fisher method transforms the t-values into P-values and performs the following test statistic:
where P is the P-value and log is the natural logarithm. The T F value is compared to a chi-square distribution with 2k degrees of freedom. Large values of T F relative to the chi-square distribution lead to a rejection of the null hypothesis that there is no activation. The group maps were thresholded at a chi-square value of 56 which approximates a t-value equal to 4. 
Activity Related to Visual Motion
During a visuomotor task neurons process visual information and this results in fMRI activation within the visual cortex. This study ran a control condition where subjects viewed an almost identical visual stimulus to that observed during the visuomotor force output task ( Figure   1F ) to parse out the visual from the visuomotor processing network. The visual control condition elicited activity in the middle temporal (MT) region that has previously been attributed to the detection of motion from visual stimuli (Zeki et al. 1991) . Both the left and right middle occipital gyrus and the left and right middle temporal gyrus were activated by the task ( Table 2 ).
The Fisher test did not reveal neuronal activity in the frontal eye fields or the supplementary eye 13 fields. Through an eye monitoring system, the experimenter watched the subjects and eye movements were infrequently observed during the scan. This strengthens the assertion that the activity in the premotor regions (described below) is related to visuomotor processes and not the processes related to saccadic or volitional eye movement control (Rosano et al. 2002) .
Location of the Motor/Sensory and Visuomotor Processes Table 2 shows the motor/sensory and visuomotor processes from the across subject Fisher test. The motor/sensory process included bilateral activation in the medial frontal gyrus (SMA), precentral gyrus (premotor cortex and primary motor cortex), and the postcentral gyrus (somatosensory cortex). There was additional ipsilateral activation for the lateral cerebellum on the left side, and for the right side there was activation in the superior frontal gyrus, inferior frontal gyrus, the middle frontal gyrus, and the lateral cerebellum.
The visuomotor process was more widespread and distributed. The visuomotor process included bilateral activation in the middle and inferior frontal gyrus (anterior prefrontal cortex), precentral gyrus (premotor), postcentral gyrus (somatosensory cortex), insular cortex, inferior parietal lobule, intermediate cerebellum, and the lateral cerebellum. On the left hemisphere, there was additional activation in the putamen and the thalamus. Most of the activity in the thalamus was primarily in the ventral and posterior regions (see Figure 2 ). In the right hemisphere, there was additional activation in the superior parietal lobule, precuneus, and the dentate nucleus. Figure 2 Contralateral to the hand producing force, there is visuomotor activity in the putamen for Slice A. There was no consistent evidence that ipsilateral putamen was involved in the visuomotor process.
In Slice B ventral and lateral motor/sensory activities are observed in the ipsilateral and contralateral premotor areas, and in primates this region has been identified as the arm region of the ventral premotor area Strick 1996, 2001 ). Slice B shows motor/sensory and visuomotor activity bilaterally in the SMA proper and there is contralateral motor/sensory activity in the PMd proper. When comparing the motor/sensory and visuomotor activity superior to the lateral ventricles, the visuomotor activity is more lateral and ventral to the motor/sensory activity.
In Slice C, the visuomotor activity in PMd proper is again lateral and ventral to the motor/sensory activity. The bilateral SMA proper activity is still present and there is ventral thalamic activity. In the lateral and ventral premotor area there is still bilateral motor/sensory activity. Slice D also shows the thalamic visuomotor activity (Table 2) . Moreover, the motor/sensory processes did not activate the putamen which suggests that only the visuomotor process used the basal ganglia (Table 2) . Compared to Slices A, B, and C, Slice D has less volume of SMA proper activity for both the motor/sensory and visuomotor processes, and in
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Slice E the SMA proper activity is no longer present. This is significant because it demonstrates where SMA proper activity ends and the primary motor cortical activity begins (Slice D [20-25mm] to Slice E [25-30mm] ). Slice E now has enhanced motor/sensory activity in the ipsilateral primary motor cortical region, although the volume of activity is much less than the contralateral motor/sensory and visuomotor activity. Again the visuomotor activity was still lateral and ventral to the motor/sensory activity, and this topography was preserved for both ipsilateral and contralateral regions. The superior part of Slice I traversed the inferior parietal lobule where both visuomotor and motor/sensory activation occurred. Slice I marks the final evidence of motor/sensory activity, because in Slice J the motor/sensory activity has all but disappeared. Slice J demonstrates bilateral visuomotor activity in the parietal cortex and ipsilateral activation is also evident in Slice L. Table 2 reveals the specific regions of the parietal cortex utilized in visuomotor processes and it is clear that both inferior and superior lobules of the parietal cortex are involved. In the parietal cortex there is no longer motor/sensory activity, and coupled with the results from Slices A and B this reveals that the visuomotor process bounded the motor/sensory processes anteriorly in the PMd proper and posteriorly in the parietal cortex.
Slice H shows a small amount of visuomotor activity in the medial and dorsal portion of the cerebellum and Slice I shows the first evidence for both motor/sensory and visuomotor activity in the cerebellum. In the cerebellum, the volume of motor/sensory activity is even more pronounced in Slice J and the visuomotor activity is lateral and ventral to the main motor/sensory component. However, in the cerebellum Slice K shows both medial and lateral visuomotor activity relative to the motor/sensory activity. Slice L depicts medial visuomotor activity compared to the motor/sensory activity. This is important because it directly shows that in the cerebellum the visuomotor process surrounds the motor/sensory activity. Figure 3 and Table 2 show the regions active for the motor memory process. In Figure 3 , the anterior portion of the anterior cingulate cortex is significantly active (highlighted by crossbar) and in the sagittal plane there is additional prefrontal activity anterior to the anterior cingulate cortex. The additional regions that were consistently active across subjects included the right dorsolateral prefrontal cortex, left insular cortex, the anterior portion of the left medial gyrus, and the anterior portion of the left middle frontal gyrus. In general, the motor memory activity was medial to the visuomotor and motor/sensory activity in the prefrontal regions (Table   2 ). Also, the motor memory activity was ipsilateral to the motor/sensory activity in the primary motor cortex. The concentration of activity in the prefrontal regions and overall lack of activity found in the basal ganglia suggest that the motor memory process during continuous force production is confined to the prefrontal network. There was no evidence found for motor memory processes in the parietal cortex, SMA, basal ganglia, thalamus, or in the cerebellum.
Motor Memory Processes
The scanning procedures were unlikely to be a limitation to detecting activity in these regions because visuomotor activity was found in these same regions during the same scan.
Discussion
The first objective of this study examined the visuomotor process to determine if this transformation mechanism occurs in the human basal ganglia, ventral thalamus, lateral cerebellum, and the dentate nucleus. Evidence was obtained from fMRI in humans that during a continuous force control task the putamen, ventral thalamus, lateral cerebellum, and the dentate nucleus were directly involved in the visuomotor process. This activation occurred even when experimental conditions controlled for the visual input and motor output. The second objective established the topography of the visuomotor process and the motor/sensory process in the premotor cortex, parietal cortex, and the cerebellum. Finally, our third objective determined if the retrieval of motor memory information was isolated in the prefrontal cortex, or if this process extended to the SMA and the basal ganglia. The results demonstrated that the motor memory process was confined to the prefrontal cortex. These findings provide evidence for both localized and distributed processes used during visually-guided and internally-guided motor tasks.
Task versus Process Approach
An important distinction between this study and other studies of visually-guided and internally-guided motor control is the difference between task and process approaches to experimental design and data analysis. An example of a task approach involves an experimental paradigm where subjects produce movement while in the presence or absence of on-line visual Therefore, the activation measured during a visually-guided task represents all of the functional processes within the visual, visuomotor, and motor systems, along with attentional and memoryrelated mechanisms. On the other hand, a process approach segregates visuomotor activity as only those regions that are active when performing a visuomotor task, while excluding activity related to seeing the visual stimulus, producing the motor output, and activation due to somatosensory processes. This approach has recently been applied in the parietal cortex to separate processes such as grasping, attention, saccadic eye movement, and mental calculation (Simon et al. 2002) , and to separate eye movement from hand movement related activity in the cerebellum (Miall et al. 2001 ) and the SMA (Fujii et al. 2002) . Each experimental paradigm has important merits, but for the purpose of the current paper the process approach was used.
Visuomotor Process
Because the task required fixation of the retina at the force target while the force cursor moved in the central visual field, it was expected that the visual process would include activity in the middle temporal (MT) region. Our findings were consistent with previous work showing that the MT area responded to the motion of visual stimuli across the retina (Table 2) (Zeki et al. 1991 ). Once visual information leaves the visual cortex, Glickstein (2000) suggested that little is known about how visual information and motor output are connected. Next, we outline the regions found in this study that are directly involved in the visuomotor transformation process.
Parietal and Premotor Cortex. There are numerous studies supporting the hypothesis that visual signals are transferred into motor commands through neural activity in the parietal and premotor cortical network Johnson et al. 1996; Milner and Goodale 1993) . We isolated visuomotor activity to the superior and inferior parietal lobule, along with the dorsal and ventral premotor cortex. An implication from these findings relates to the previously suggested grasping and pointing visuomotor channels in the inferior and superior parietal cortex (Jeannerod et al. 1995) . The current results demonstrate that because activation of both of these parietal regions occurred during a visuomotor precision grip force task, this raises the possibility that, in humans, the visuomotor channel for grasping may be related to both inferior and superior parietal regions rather than a strict dichotomy between grasping and reaching tasks. It is important to note that the task employed in this study heavily relied on feedback control and the mapping of the visuomotor process may be different under visually guided motor output that uses more feedforward control processes (e.g. grasping different sized objects based on visual cues (Toni et al. 2001) ). A final point regarding our finding of ventral and dorsal premotor visuomotor activity is that each of these regions plays important roles during visually-guided tasks. Hamzei and colleagues (2002) postulated that the PMv plays a minor role (if any) during visuomotor processes, but we suggest that our findings agree more with the hypothesis that both the ventral and dorsal premotor regions are involved in visuomotor control (Passingham 1993) .
SMA. In the SMA, most of the previous evidence suggests that this region is more involved with internally-guided movements rather than visually-guided movements (Jahanshahi et al. 1995; Mushiake et al. 1991; Passingham 1987 ), but there is also evidence counter to this hypothesis (Deiber et al. 1999; Remy et al. 1994 ). In particular, Deiber and colleagues (1999) showed similar fMRI activation in the SMA during visually-triggered and internally-triggered finger movement, but different activation was found preferentially for sequential rather than repetitive movements. Moreover, during visually-guided movements a substantial number of neurons consistently responded during the task (Mushiake et al. 1991) . The current findings showed activation in the SMA for the visuomotor process, but not for the motor memory process. Also, consistent activation was found for the motor/sensory process, which occurred when subjects produced force in the presence or absence of visual feedback. Therefore, our findings are consistent with the idea that a strict functional dichotomy does not apply for only internally-guided movement being present in the SMA (Mushiake et al. 1991) .
Lateral Cerebellum, Dentate Nucleus, and Ventral Thalamus. The output from the cerebellar dentate nucleus and its connections with the ventral and posterior thalamus has been implicated as a circuit involved in the visual control of movement (Stein and Glickstein 1992 ).
In the primate, examination of internally-guided versus visually-guided movement following temporary inactivation of different regions of the primate thalamus suggested a specific role for nucleus X (which mostly receives cerebellar input) during the visual control of movement (van Donkelaar et al. 2000) . In support of the findings on primates, we have shown that in humans the visuomotor process occurred in the ventral and posterior portions of the thalamus, which includes the expected location of nucleus X. There was no evidence to suggest that anterior thalamic regions were involved in the visuomotor process. There was also specific activation in the lateral cerebellum related to visuomotor processes and to motor/sensory processes. From the lateral cerebellum, there are projections to the dentate nucleus where visuomotor activity was found. There was no evidence of motor/sensory activation in the dentate nucleus. Thus, our findings support the hypothesis in humans that the lateral portion of the cerebellum, dentate nucleus, and the ventral and posterior thalamus are involved in the visuomotor transformation process. Because the thalamus receives heavily interdigitated inputs from both the cerebellum and the basal ganglia (Middleton and Strick 2000) , then the ventral thalamic activation observed in this study most likely includes inputs from the basal ganglia (see below).
Putamen. While there is some evidence to suggest that the basal ganglia may be involved Anterior Prefrontal Cortex. The prefrontal cortex has been associated with movementrelated activation when external cues are not present (Passingham 1993 ). The current findings on the motor memory process (see the section on Motor Memory Process below) support that hypothesis. In addition, recent evidence from PET and fMRI demonstrates that the learning of a visually-guided task specifically involves the connectivity between the striatum and the prefrontal cortex. For example, when humans learn to position the hand with certain visual cues the network included changes in the striatum and prefrontal cortex (Toni et al. 2002; Toni et al. 2001 ). Anatomical evidence from primates supports the notion that visual input does reach the prefrontal cortex (Webster et al. 1994) , and that the premotor cortex has projections to these anterior prefrontal regions (Matelli et al. 1986 ). Also, in the primate the prefrontal cortex was related to an association between sensory cues and the appropriate motor response (Asaad et al. 1998 ). Thus, our findings provide further support in humans for the idea that the anterior prefrontal cortex may be associated with visuomotor transformations.
Topographic Orientation of Visuomotor and Motor/Sensory Processes
The findings (Table 2 and Figure 2 ) on the visuomotor and motor/sensory processes suggested several rules regarding their topographic organization. In the PMd proper, the visuomotor process was more ventral and lateral relative to motor/sensory processes. The ventral and lateral visuomotor to motor/sensory pattern was not observed in the posterior portion of the PMd proper. One explanation for this finding is that in the posterior portion of the PMd proper lies the central sulcus and this region is more associated with the execution of force (Dettmers et al. 1995; Georgopoulos et al. 1992 ). Indeed, the findings showed that motor/sensory processes occurred in the primary motor cortex and primary somatosensory cortex. Visuomotor processes in the PMd proper were anterior to the motor/sensory processes and in the parietal cortex the visuomotor process was posterior to the motor/sensory processes.
Finally, in the cerebellum ipsilateral to the hand producing force the visuomotor process was diffusely organized around the motor/sensory processes. While this finding may seem contrary to previous work in the primate dentate nucleus (Mushiake and Strick 1993) , it is important to consider that the present study examined collective regions spatially larger than the previous work from single unit dentate neurons.
Motor Memory Process
The retrieval of motor memory is frequently used without visual information (Baddeley 1986; Ghez et al. 1990; Goldman-Rakic 1987; Vaillancourt and Russell 2002) . This study identified the motor memory process by comparing force without visual feedback to force with 23 visual feedback. The motor memory process was active in the prefrontal regions, including the anterior portion of the anterior cingulate, dorsolateral prefrontal cortex, and ventral prefrontal cortex (Table 2) (Jenkins et al. 2000) . Most of the neuronal activity for the motor memory process was ipsilateral to the activity found in the primary motor cortex. Within the prefrontal cortex the motor memory process was more medial when compared to the motor/sensory and visuomotor processes (Table 2 and Figure 3 ). An important note is that previous work demonstrates that the anterior cingulate is important for error monitoring (Carter et al. 1998; Cohen et al. 2000) . It is therefore possible that a portion of the anterior cingulate activation during the motor memory process could have also been due to the monitoring of errors made without visual information. In summary, these findings on the retrieval of memory for force output agree with other findings from cognitive neuroscience describing the prefrontal cortex and its role in other forms of working memory (Baddeley 1986 The novel contribution here was that motor memory processes were not found in the SMA or in the basal ganglia. The activity found in the SMA corresponded to the visuomotor process and to the common motor/sensory activation that was independent of visual feedback.
The previous work showing SMA and basal ganglia activity examined tasks that involved both movement sequencing and memory function making it difficult to isolate motor memory processes (Jahanshahi et al. 1995; Jenkins et al. 2000; Mushiake et al. 1991; Mushiake and Strick 1995) . In contrast, the current study minimized sequencing processes by using a constant force production task. Our current findings isolated the motor memory process to the dorsolateral prefrontal cortex, ventral prefrontal cortex, and anterior cingulate.
The lack of neuronal activity in the basal ganglia when visual information was absent has implications for understanding the mechanisms underlying internally-guided motor deficits in patients with Parkinson's disease. Previous behavioral work has shown that when visual information is removed, patients with Parkinson's disease have a greater deficit in their ability to control motor output compared to control subjects (Cooke et al. 1978; Flowers 1976) Parkinson's disease we suggest that the increased inhibitory globus pallidus output acts as a modulator to cause dysfunction in the prefrontal cortex, which in turn has adverse effects on the ability to use motor memory and this leads to difficulties for patients in performing internallyguided tasks.
Conclusions
This study separated a task-related network used during continuous force output into four distinct processes spanning multiple brain regions that merge motor, sensory, and cognitive domains. The findings showed that the visuomotor process spanned beyond the parietalpremotor network and also included the SMA, anterior prefrontal cortex, ventral thalamus, putamen, intermediate cerebellum, lateral cerebellum, and the dentate nucleus. These findings 25 support a model of visuomotor control where distributed nodes transform visual signals into motor commands. This distributed model interpretation further suggests that visuomotor processes occur in both medial (e.g. SMA, basal ganglia) and lateral (e.g. lateral cerebellum, lateral premotor cortex) channels. Another significant finding included a systematic visuomotor to motor/sensory topography located in the premotor cortex, parietal cortex, and the lateral cerebellum. It should be noted that the processes identified in this study were in the context of a constant precision grip force task, and tasks that include more dynamic proprioceptive and motor output signals may reveal additional or even different regions of activation. Finally, the retrieval of motor memory information was isolated to the dorsolateral prefrontal cortex, anterior cingulate, and the ventral prefrontal cortex. In summary, this study isolated the visuomotor and motor memory processes into distributed and localized networks, respectively, that underlie the control of visually-guided and internally-guided actions. correspond to the t-values from the group Fisher test that was thresholded at a t equal to 4. The white cursor highlights the anterior cingulate activity and there is also right anterior and ventral prefrontal cortical activity that corresponds to the motor memory process. 
